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Abstract: A family of heterometallic [Cat][TixMO(x+1)(O2CtBu)2x+2] rings 
is reported where Cat = a secondary or tertiary alkyl ammonium ion, 
x = 7, 8 or 9 and, M = FeIII, GaIII, CrIII, InIII and AlIII. The structures are 
regular polygons with eight-, nine- or ten vertices with each edge 
bridged by an oxide and two pivalates. The size of the ring formed is 
controlled by the alkylammonium cation present. In each case a 
homometallic by-product is found [Cat][TixO(x+1)(O2CtBu)2x-1]. 
There are many families of polymetallic compounds. Sometimes 
the “family” is so broadly defined that the membership is almost 
limitless – “polyoxometallates” for example[1] – and then the 
resemblances between members of the family can be quite 
small. For other examples the metal core can be constant but the 
ligand periphery is varied, for example in the many derivatives of 
the classic {Mn12} molecule.[2] Such families grow over a period 
of time, with one molecule inspiring the synthesis of related 
compounds. We have been studying a family of rings which 
began with [Cat][Cr7MF8(O2CtBu)16] rings[3] (M = a divalent metal 
ion; Cat = a secondary ammonium cation) but has expanded as 
we showed we could vary the trivalent metal present, and the 
size of the ring by choice of template.[4] These rings can be used 
as building blocks for oligorotaxanes[5] and for molecular 
nanoparticles.[6] We wanted to establish an equivalent family 
from {MIVxMIII} complexes. This is driven by a desire to create 
complex diamagnetic polymetallic complexes that could act as 
diamagnetic hosts into which we could dope supramolecular 
assemblies that could be used as multi-qubit arrays for quantum 
information processing.[7] While there are many outstanding 
studies of single qubits, most are in solution phase;[8] the 
challenge to study qubits and multi-qubits in an oriented single 
crystal is a major one[9] and is the inspiration behind this work.  
We decided that [TiO(O2CR)2] rings could form the basis for such 
a family reasoning that a TiO2+ fragment has the same charge 
and is a similar size to a CrF2+ fragment. Several homometallic 
{Ti8} rings have been reported previously,[10] which gave us 
confidence that this approach was feasible.  
 The initial target was to make [Cat][Ti7M(O2CtBu)16] rings, 
where M is a trivalent metal ion. All manipulations were carried 
out under N2 with rigorous exclusion of water. The route involves 
dissolution of an oxo-centred triangle of the trivalent metal – 
initially FeIII - in pivalic acid in the presence of di-n-propylamine 
and trimethylacetic anhydride; [Ti(OiPr)4] is then added. The 
octametallic cyclic compound {[nPr2NH2][Ti7FeO8(O2CtBu)16]} 1 
can be prepared via this route in 90% yield (Figure 1a). 	
	
Figure	1.	Crystal	structures	of	(a)	1,	(b)	6,	(c)	7,	(d)	9,	(e)	10,	(f)	11	.	Colours:	Ti,	
blue;	O,	red;	C,	grey;	N,	blue.	The	trivalent	metal	sites	are	disordered	around	the	
ring.	The	Ti…Ti	edge	bridged	by	two	oxides	and	a	pivalate	shown	top	of	(b),	(d)	
and	(f).	H-atoms	and	Me	groups	of	pivalates	excluded	for	clarity.	
 We can vary the trivalent metal to make 
{[nPr2NH2][Ti7MO8(O2CtBu)16]} (M = Ga 2, Cr 3, Al 4 or In 5). For 
CrIII, InIII and AlIII nitrate salts were used rather than oxo-centered 
triangles, however it is likely triangles form in situ before 
[Ti(OiPr)4] is added.  To show that the trivalent ion is included 
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within the ring we performed mass spectrometry studies, which 
showed peaks for the parent ion in each case.  An unexpected 
complexity arises because oxide can displace pivalate in these 
structures. Therefore in the absence of a trivalent ion the reaction 
that gives 1, gives a homometallic ring of formula 
[nPr2NH2][Ti8O9(O2CtBu)15] 6 (Figure 1b).  
 We can control the size of these rings by choice of template: 
di-iso-propylamine gives enneametallic rings, 
[iPr2NH2][Ti8MIIIO9(O2CtBu)18] (M = Fe 7, Ga 8) or 
[iPr2NH2][Ti9O10(O2CtBu)17] 9 (Figure 1c and 1d); while N,N-di-
cyclomethylamine (Cy2MeN) gives decametallic rings 
{[Cy2MeNH][Ti9FeIIIO10(O2CtBu)20]} 10 and {[Cy2MeNH] 
[Ti10O11(O2CtBu)19]} 11 (Figure 1e and 1f). The nine-metal ring 
structures are extremely disordered if crystallised from toluene. 
Crystallisation from ethylacetate/MeCN produces compounds 
where a full structure can be obtained. This is directly analogous 
to structural studies of {Cr8M} and {Cr9} rings.11 The decametallic 
rings are noticeably less stable in solution than the octametallic 
rings: this may be connected with longer Ti-O(carboxylate) 
bonds in these molecules (see below). The homometallic rings 9 
and 11 arise from replacement of pivalate by oxide, as in 6 and 
are best made in the absence of a source of a trivalent metal. 
 The structures all contain regular polygons of metal sites 
(Figure 1). The MIII ion appears to be disordered about the metal 
polygon and was refined as such; more complex refinement 
strategies were tried but did not produce better structures. In 1 - 
5, 7, 8 and 10 all M….M edges are bridged by a μ-oxide and two 
pivalates. Each metal site in the ring is six coordinate with two 
short M…O bonds to the oxides (ranging from 1.746(6) to 
1.901(4) Å, similar to the mean Ti-oxide distances of 1.829 ± 
0.054 Å in the Cambridge Structural Database). There is one 
outlier, which is a Ti-O bond of 1.942(4) Å in 5; there is no 
chemical explanation for this long bond. There are four longer 
bonds to oxygen donors from carboxylates (1.960(8) to 2.15(5) 
Å, similar to the mean Ti-O(carboxylate) distances of 2.049 ± 
0.066 Å in the CSD).  
 There are variations between structures. The average Ti-
carboxylate bond length is shorter in 4 (1.91 Å compared with 
2.03 Å in 1 – 3 and 5) and the average Ti-oxide bond length is 
longer in 5 (1.86 Å cf. 1.81 Å in 1 – 4). This may reflect the 
presence of an AlIII ion in 4 and an InIII ion in 5. The 
M…O(carboxylate) average bond distances are larger in the 
nine- and ten-metal rings than in the eight-metal rings, but the 
M…oxide distances are largely equivalent. In each of 6, 9 and 
11 one edge is bridged by two oxides and a pivalate, and hence 
two TiIV sites have three oxides and three pivalate oxygens 
bound. The metric parameters are similar in these structures to 
those in the heterometallic rings of the same nuclearity. 
 Each structure incorporates a protonated ammonium cation, 
which sits at the center of the metal polygon. There are N-H…O 
H-bonds present in all cases. In the octagons and enneagons, 
the protonated secondary ammonium cations provides two 
protons for hydrogen bonding, giving two short contacts (N…O 
distance 2.869 (13) to 3.102(12) Å), while in the decagons, the 
protonated tertiary ammonium cation provides only one proton 
available for hydrogen bonding, giving a single short contact 
(N…O distance 3.10(4) to 3.175(5) Å) 
 The reactivity of these rings allows formation of the 
heterometallic rings form homometallic rings. For example, if the 
regular homometallic ring [TiO(O2CtBu)2]8 or the irregular 
homometallic ring 6 is reacted with a source of FeIII in the 
presence of nPr2NH and pivalic acid, compound 1 results; it is 
likely this will be general for the other trivalent metals used and 
for the nine- and ten-metal rings. This suggests the 
heterometallic rings have a greater thermodynamic stability than 
the homometallic rings.  
 1H-NMR studies of the diamagnetic rings show resonances 
for the individual pivalates within the ring (Figure 2 and Figures 
S1 – S3). At best the heterometallic rings have C2 symmetry (the 
axis lying in the plane of the octagon of metals and passing 
through the heterometal), which would give eight pivalate 
resonances. We see this for the 1H-NMR spectrum of {Ti7In} 5, 
where we see eight distinct resonances of equal intensity (Figure 
2b). For {Ti7Ga} and {Ti7Al} there are overlaps between some of 
the pivalates, giving less attractive NMR spectra. Resonances 
are also seen for the templating ammonium cation. This shows 
a significant difference for the homometallic ring 6, where the 
asymmetry caused by the presence of two bridging oxides leads 
to resolution of resonances for the two propyl groups of the 
cation (Figure 2d). 
Figure	2.	1H-NMR spectra (400 MHz, CDCl3, 298 K) for: a) 4; b) 5; c) 2; d)  6; e) a 
symmetric homometallic ring [Ti8O8(O2CtBu)16]. Inset a) to e): expansion of the area 
containing the pivalate groups.  
 EPR spectroscopic studies of 1, 3, 7 and 10 were performed 
to demonstrate that a single paramagnetic trivalent ion was 
present per ring (Figure 3, Figures S4 and S5). For the rings 
containing FeIII (S = 5/2) simulations using Easyspin13 used the 
same g-value (2.01) in all cases, and gave: for 1, D = 0.178 cm-
1, E = 0.042 cm-1; 7, D = 0.175 cm-1, E = 0.050 cm-1; 10, D = 
0.118 cm-1, E = 0.027 cm-1. These values are comparable with 
the values found for {FeO6} geometries in malonato,14 
acetylacetonato14 and dipivaloylmethane15 complexes. 
For 3 the EPR signal suggests that there is a single CrIII ion (S  = 
3/2) in each ring, but that it occupies different sites within the ring 
(Figure 3d and Figure S5); this is consistent with the X-ray 
studies as the eight metal sites are subtly different due to the 
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proximity to the oxide involved in the H-bond to the protonated 
amine. The difference is resolved for CrIII but not for FeIII as the 
axial ZFS parameter, D, is larger. The EPR spectra were 
simulated with a single gCr = 1.98 but with three equal occupancy 
sites with: D1 = -0.520 cm-1, E1  = 0.036 cm-1; D2 = -0.490 cm-1, E2 
= 0.020 cm-1; D3 = -0.531 cm-1, E3 = 0.028 cm-1. These ZFS 
parameters are similar to those for {CrO6} cores.16-18 
Figure	3.	 Experimental	Q-band	 (ca.	34	GHz)	EPR	spectra	and	simulations	 (see	
text	 and	 SI)	 for	 (a)	 1,	 (b)	 7,	 (c)	 10	 and	 (d)	 3	 for	 powder	 samples	 at	 room	
temperature.	 For	 4,	 the	 broad	 peak	 at	 g~1.98	 attributed	 to	 a	 coupled	 CrIII	
impurity	(most	likely	a	Cr3O	triangle).	
   
 This is the second family of heterometallic rings we have 
reported.4 There is complete control on ring size by choice of 
templating cation, which is extremely unusual outside our work. 
Saalfrank and co-workers reported size control of homometallic 
rings,19 while Powell and co-workers have reported Fe-Yb 
heterometallic rings of varying sizes, but not with control of 
structure through templating.20 The compounds reported here 
are the tip of the iceberg. For {Ti7Fe} rings we can further vary 
the cation to include Cs+ or PrNH3+ or Me4N+ and can also vary 
the carboxylate present. We can also use N,N-di-
isopropylethylammonium as a cation to form {Ti9M} rings (M = 
Fe, Ga, Al, In). 
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